Background: Energy intake (EI) regulation is impaired in older adults, but it is not known if habitual physical activity affects accuracy of EI regulation in older compared with young adults. Objective: We hypothesized that the ability to compensate for a high-energy yogurt preload beverage at a subsequent ad libitum meal (i.e. acute compensation) and over the course of the testing day (i.e. short-term compensation) would decrease with age, but the magnitude of the decline would be smaller in physically active compared with sedentary older adults. Design: On two occasions, young active (n ¼ 15), young sedentary (n ¼ 14), older active (n ¼ 14) and older sedentary (n ¼ 11) subjects consumed either a high-energy yogurt preload beverage (YP: 500 ml, 1988 kJ, men; 375 ml, 1507 kJ, women), or no preload (NP), 30 min before an ad libitum test meal. EI at both ad libitum meals was measured, and total daily EI was determined on both testing days. Percent EI compensation for the YP was calculated for the test meal and testing day to determine acute and short-term compensation. Results: Percent EI compensation at the test meal was significantly lower in the older compared with the young subjects (6574 vs 8174%, P ¼ 0.005). There was no effect of habitual physical activity level on acute compensation, and no age by physical activity level interaction (P ¼ 0.60). In contrast, short-term compensation was not different with age (8775 vs 9376%, older vs young, P ¼ 0.45), but was more accurate in active vs sedentary subjects (10075 vs 7976%, P ¼ 0.01). As with acute compensation, there was no age by physical activity interaction (P ¼ 0.39). Conclusion: Acute EI regulation is impaired in older adults, which is not attenuated by physical activity status. However, EI regulation over the course of a day is more accurate in active vs sedentary adults, which may facilitate long-term energy balance. Future work is needed to determine if higher energy expenditure in older active vs older sedentary adults improves long-term EI regulation.
Introduction
Recent estimates indicate that over 30% of the United States adult population is obese, with older adults more likely to be obese than younger adults. 1 As both the number of older
Americans and the prevalence of obesity in this population is projected to increase in coming years, 2, 3 it is critical to identify specific age-related causes of obesity in order to develop effective prevention and treatment strategies. One factor contributing to the increased risk of obesity in older adults is a decrease in energy expenditure with advancing age, which may predispose them to positive energy balance. 4 Energy intake regulation may also be impaired in older adults, 5, 6 potentially preventing older individuals from appropriately decreasing energy intake to match the agerelated reduction in energy requirements. This disparity between energy intake and energy expenditure could lead to positive energy balance and weight gain over time.
There is currently little information on energy intake regulation in older adults. Rolls et al. 5 investigated the ability of healthy young (18-35 years) and older (60-85 years) men to acutely compensate for the energy content of a highenergy preload at a subsequent ad libitum meal. Younger men were found to compensate well, in that the high-energy preloads reduced meal energy intake such that overall energy intake (preload þ meal) was not significantly different from energy intake in a no preload (meal only) condition. Compensation in older men was significantly less accurate, suggesting that acute energy intake regulation is impaired in this population. Perceptions of hunger and satiety were also blunted in the older compared with the younger men, indicating that age-related alterations in hunger and satiety cues may contribute to energy intake dysregulation. Insofar as other similarly designed investigations have yielded conflicting results, [7] [8] [9] it is not clear if true age-related differences in energy intake regulation exist and/or if there are other factors that modulate the relationship between aging and energy intake dysregulation. In younger adults, habitual physical activity level may be an important factor contributing to the accuracy of energy intake regulation. Evidence suggests that young men who engage in regular physical activity (4120 min/week) may have higher accuracy of energy intake regulation compared with their sedentary counterparts. 10 Although habitual physical activity level does not appear to affect perceived hunger and satiety, 10 it has been proposed that chronic physical activity may improve central responsiveness to hunger and satiety cues in young adults, 11 thereby improving energy intake regulation. In older adults, it is possible that habitual physical activity may improve energy intake regulation by increasing sensitivity to hunger and satiety cues. However, the effects of physical activity on energy intake regulation in older individuals are not known. Thus, the purpose of this investigation is to determine the influence of age and habitual physical activity on the ability to compensate for the energy content of a yogurt preload beverage by reduction in energy intake at a subsequent ad libitum meal (i.e. acute compensation) and over the course of a day (i.e. short-term compensation). A secondary goal is to determine the influence of age and habitual physical activity on perceived hunger and satiety. We hypothesize that the ability to compensate for the energy content of the yogurt preload will decrease with age, but the magnitude of the decline will be smaller in physically active compared with sedentary adults. 
Materials and methods

Subjects
Measurements
Height was measured in meters without shoes using a wallmounted stadiometer. Body mass was measured to the nearest 0.1 kg using a physician's balance scale. Percentage body fat, absolute fat mass and fat-free mass was measured using dual-energy X-ray absorptiometry (DEXA) (GE Lunar Prodigy, GE Healthcare, Madison, WI, USA). Subjects were instructed in methods to accurately record their dietary intake; self-reported 4-day food intake records were used to determine habitual dietary intake. Energy and macronutrient intake was assessed using nutritional analysis software (NDS-R 5.0, University of Minnesota Because it has previously been demonstrated that the form of yogurt (i.e. semisolid vs beverage) does not differentially affect perceptions of hunger and satiety or energy intake at a subsequent ad libitum meal, 18 preload form was determined by palatability testing in pilot studies. The prescribed preload volume was determined from protocols of similar studies in men and adjusted for women according to gender-related differences in estimated energy requirements (B16% of daily energy requirements for young men and women). 15 In this sample, the energy content of the preload represented B27 kJ/ kg body weight for all groups. Lunch meals for each subject were separated by a minimum of 2 days. The test meal was provided at lunchtime so as to replicate the experimental protocol used in other published work in this area. 5, 19 A 30 min waiting period between the preload and meal was chosen because this duration results in the most accurate compensation for the energy of a preload. 20 Subjects were asked to eat their usual breakfast meal at the same time on both testing days, but to not eat or drink anything (other than water) for the 3 h before their study visit. They recorded their food intake the day before and the morning of both testing days, as well as for the remainder of the day following and the day after the test meal. All subjects were instructed to refrain from exercising on the morning of the test meals. Upon arrival, an intravenous catheter was placed in an antecubital vein. During the meal studies, visual analog scales (VAS) were completed by subjects to rate sensations of hunger and fullness and blood samples were obtained at 30 min intervals: before the preload or 30 min waiting period (0 min), before the lunch meal (30 min), following the lunch meal (60 min), and at 90, 120 and 150 min (six total). The catheter was removed and subjects were dismissed from the laboratory after completing the VAS scale at 150 min. VAS are reproducible and valid indicators of hedonics in both younger and older populations. [21] [22] [23] Reading was permitted during the test meals, but food and dietrelated content was screened and removed from all material.
Test meals
All foods included in the test meal lunches were evaluated for palatability before initiation of the study. The lunch consisted of an individual buffet-style meal containing a variety of typical lunch items (e.g., bread, luncheon meat, cheese, lettuce, condiments, potato chips, carrots, apple sauce, cookies, water) in excess of what would normally be consumed, from which the subjects were allowed to selfselect over a 30 min period. The study personnel recorded the amount of time taken to consume the preload and the ad libitum meal. Foods were weighed (70.1 g) before being served and again after the completion of the meal to determine the amount consumed. Meal energy and macronutrient intake was calculated using nutritional analysis software (NDS-R 5.0, University of Minnesota). Young women were studied in the follicular phase of their menstrual cycles for both feeding conditions to minimize the effect of cycle phase on energy intake. 24 
Statistical analyses
Percent compensation at the test meal (acute compensation) was calculated as meal energy intake in the no preload (NP) condition divided by meal energy intake in the yogurt preload (YP) condition (preload þ meal) multiplied by 100. 5 To determine if compensation occurred later in the day following test meals (short-term compensation), another calculation was made as follows: ((NP test meal energy intake þ self-reported intake the remainder of the day following the NP test meal) divided by the YP total test meal energy intake (i.e., energy content of YP þ YP test meal energy intake) þ self-reported intake the remainder of the day following the YP test meal)) multiplied by 100. In order to assess overall between group and condition differences in VAS ratings of hunger and fullness and blood glucose concentrations, VAS rating and blood glucose area under the curve (AUC) were calculated using the trapezoidal model. 25 Differences in demographic characteristics and percent compensation were analyzed by univariate analysis of variance (ANOVA) (SPSS v. 12.0 for Windows). TEE was Age, physical activity and energy intake regulation EL Van Walleghen et al compared with self-reported habitual food intake and total daily energy intake on the NP testing day using paired samples t-tests. Differences in VAS ratings of hunger and fullness, self-reported energy intake on the day before, the day of, and the day following the test meals, and blood glucose values were assessed by repeated measures ANOVA. Analysis of covariance (ANCOVA) was utilized to adjust for baseline differences when present. When significant interactions were detected, t-tests were used for post hoc analyses. The alpha level was set a priori at Po0.05. Data are expressed as mean7s.e.m.
Results
Participant characteristics
Participant demographic characteristics are listed in Table 1 . Age, percent body fat, dietary cognitive restraint, fasting glucose and percent habitual energy intake from dietary fat were significantly higher in older compared with younger subjects, whereas VO 2 max., RMR and TEE were significantly lower in the older subjects. Cognitive dietary restraint, VO 2 max., exercise minutes per week, TEE, habitual energy intake and percent habitual energy intake from carbohydrates were significantly higher in the physically active compared with the sedentary subjects, whereas percent body fat, fasting insulin concentrations, HOMA score and percent habitual energy intake from dietary fat were significantly lower in the physically active subjects. In this sample, TEE was not significantly different from self-reported habitual energy intake (mean difference 1647315 kJ, P ¼ 0.60) or total daily energy intake on the NP test day (mean difference 1477416 kJ, P ¼ 0.73).
Test meals Percent compensation. Ability to compensate at the test meal for the energy in the YP was lower in older compared with young subjects (6574 vs 8174%, P ¼ 0.005) (Figure 1a) . However, there was no effect of habitual physical activity level on acute ability to compensate (7374 vs 7274%, active vs sedentary, P ¼ 0.84), and no age by physical activity level interaction (P ¼ 0.60). In contrast, short-term compensation (i.e., over the course of the testing day) was not different with age (8775 vs 9376%, older vs young, P ¼ 0.45), but was significantly more accurate in active compared with sedentary subjects (10075 vs 7976%, P ¼ 0.013) (Figure 1b) . As with acute compensation, there was no age by physical activity interaction (P ¼ 0.39).
Test meal energy intake. There were no significant differences in energy intake during the ad libitum meal in the YP condition by age or activity group (Table 2) . However, energy intake in the NP condition during the ad libitum meal was lower in the older subjects compared with the young subjects (22277280 vs 37027258 kJ, P ¼ 0.02), but there was no effect of physical activity on ad libitum meal energy intake. There were no significant age by activity group interactions in either test meal condition, and no significant differences between conditions or across groups in percent of energy Energy intake before and following test meals. Energy intake the day before the test meals, breakfast energy intake on the morning of the test meals, for the remainder of the day following the test meals and the day after the test meals is listed in Table 2 . There were no significant differences between conditions on self-reported energy intake the day before the test meals, or the morning of the test meals and there were no group interactions. There were no differences between conditions in energy intake for the remainder of the day following the tests meals, but there was a condition by physical activity interaction (P ¼ 0.02). Active subjects ate more than sedentary subjects the remainder of the day in the NP condition (P ¼ 0.01). Total energy intake the day of the test meals (self-reported breakfast energy intake þ measured test meal energy intake þ self-reported energy intake the remainder of the day) was different between conditions (Po0.01); subjects consumed significantly less over the entire day in the NP condition compared with the YP condition; however, there were no group interactions. The day after the test meals, there was no effect of condition or group on self-reported energy intake.
Owing to the low breakfast energy intake among the young subjects on test meal days, a subanalysis using only breakfast meal consumers (defined as a breakfast energy intake greater than 420 kJ, or B100 kcals, to exclude those who consumed only coffee with cream and sugar or a cup of juice) was performed to address the possibility that differences in energy state at the beginning of the test meals Age, physical activity and energy intake regulation EL Van Walleghen et al influenced our findings. This subanalysis included 15 young and 24 older subjects. With respect to short-term compensation, our findings were not altered (i.e., compensation was significantly more accurate over the course of the testing day in active vs sedentary adults, P ¼ 0.01; no significant differences with age and no age Â activity interaction). With respect to acute energy intake compensation, there was no significant age Â activity interaction (P ¼ 0.87), which is also consistent with our original findings. The P-value for the effect of age on acute energy intake compensation decreased (P ¼ 0.005 in the original analysis, P ¼ 0.08 in the reanalysis using only breakfast consumers); the exclusion of the younger subjects who were not breakfast consumers likely contributed to this reduction in significance as many of the non-breakfast consumers were in the young (sedentary) age group. However, the significant age difference with acute energy intake compensation among only the active subjects remained significant (P ¼ 0.04) in the subanalysis.
Test meal VAS ratings
Hunger. Baseline hunger (rating at time 0) was lower in the YP condition compared with the NP condition (4273 vs 5074, P ¼ 0.04), and lower in the older as compared to young adults in each condition (both Po0.001; Figure 2 ) but there were no age or physical activity group differences in baseline hunger ratings. To account for baseline differences, all subsequent analyses were performed using baseline hunger ratings as a covariate. Hunger changed significantly with time in response to meal ingestion. In the pooled sample, hunger ratings were higher in the NP condition as determined by analysis of both mean adjusted for baseline differences and AUC values (mean: 2472 vs 2971 mm, Po0.01; AUC: 32137304 vs 41247226 mm min, YP and NP, respectively, Po0.01) (Figure 2 ). There was also a condition by time interaction (Po0.01) that is attributed to lower hunger in the YP vs NP condition at 30 min (3473 vs 6373 mm, YP and NP, respectively, Po0.01). There were no significant effects of age or physical activity group on hunger ratings at any time point measured or on hunger AUC.
Fullness. Baseline fullness (rating at time 0) was not different between conditions (P ¼ 0.20) and there were no condition by group interactions. As shown in Figure 3 , fullness changed significantly with time in response to meal ingestion. Fullness ratings in the pooled sample were higher in the YP condition as determined by analysis of both mean and AUC values (mean: 6072 vs 5372 mm, Po0.01; AUC: 93387300 vs 81607298 mm Á min, YP and NP, respectively, Po0.01) (Figure 3 ). There was a significant condition by time interaction, attributed to higher fullness ratings in the YP condition at 30 min (4773 vs 2173 mm, YP and NP, respectively, Po0.01). There were no significant effects of physical activity on ratings of fullness, but there was a significant condition by age interaction on fullness ratings by both mean and AUC analysis, which can be attributed to a higher mean fullness in older compared with young subjects in the YP condition (6474 vs 5572 mm, P ¼ 0.04). Age, physical activity and energy intake regulation EL Van Walleghen et al There were time by age (Po0.01), and time by condition by age interactions (Po0.01), in blood glucose concentrations, but no differences between activity groups. In the YP condition, the blood glucose concentrations were higher in older compared with young subjects at 30, 60, 90, 120 and 150 min, whereas in the NP condition, blood glucose concentrations were higher in the older subjects at 90, 120 and 150 min (Figure 4 ). There was no significant difference in blood glucose AUC between meal conditions in the pooled sample and no significant condition by group interactions.
Blood glucose concentrations
Discussion
The first major finding of the present study is that the agerelated reduction in the ability to acutely regulate energy intake is independent of habitual physical activity level. Consistent with previous observations, 5 compensation to a test meal was B15% lower in older compared with younger subjects in the present study. Our findings extend previous observations 5 by demonstrating that habitual physical activity does not appear to influence the age-related reduction in energy intake regulation during an acute meal setting. Our second major finding is that in contrast to what is observed during an individual meal, energy intake regulation viewed in the context of an entire day (i.e., short-term compensation) was more accurate in active compared with sedentary individuals. Short-term compensation was not different in young and older individuals. This increased accuracy of short-term energy intake regulation among active adults may facilitate long-term energy balance. Age, physical activity and energy intake regulation EL Van Walleghen et al
Although energy intake dysregulation has the potential to cause both negative and positive energy balance resulting in either weight loss or weight gain, 4 the risk of obesity among older adults in the United States is currently higher than that of younger adults, 1 and the number of obese older Americans is projected to increase in the coming years. 2 Importantly, obesity in older adults is associated with a number of medical complications, functional limitations, decreased health related quality of life and overall mortality. 26 It has recently been demonstrated that frailty and decreased quality of life can be reversed in obese older adults with weight loss and exercise 27 and current recommendations encourage regular physical exercise for older adults to decrease disease risk factors and improve functional capacity. 28 Physical activity as a means to improve acute energy intake dysregulation in older individuals, however, has not previously been investigated. It has been suggested that habitual physical activity may increase sensitivity to hunger and fullness cues in younger adults, thereby improving energy intake regulation. 10, 11 We observed similar ratings of hunger and fullness perceptions over the course of a meal in physically active and sedentary subjects regardless of age. These results indicate that habitual physical activity does not improve sensitivity to hunger and fullness cues in young or older adults. However, our finding of more accurate energy intake regulation over the course of a day in active compared with sedentary adults suggests that habitual physical activity does confer benefits to short-term energy intake regulation. This finding supports the value of habitual physical activity for both young and older adults in the context of long-term energy balance. Estimated total energy requirements were significantly higher in the active compared with sedentary subjects in the present study, despite similar RMR in the two groups. Thus, the active individuals may be regulating energy balance at a higher level of energy expenditure. That is, higher energy intake and higher energy expenditure in the older active subjects resulted in increased energy flux relative to the sedentary subjects, despite similar resting energy requirements. It has previously been demonstrated that younger women successful in body weight maintenance over 1 year had significantly higher free living activity energy expenditure than women who gained weight over the same time period. 29 It has also been shown that improvements in fitness reduce the risk of age-related weight gain in middleaged adults. 30 In older adults, increased physical activity energy expenditure may be important for body weight maintenance by counteracting both an age-related decrease in total energy expenditure as well as a predisposition toward positive energy balance as a consequence of acute age-related energy intake dysregulation. Future research is necessary to determine if increased physical activity energy expenditure in older adults can improve long-term accuracy of energy intake regulation. There are several limitations to the present study that should be addressed. First, our results are only applicable to acute (meal) and short-term (daily) situations. It is therefore unknown if the age-related decline in ability to appropriately regulate acute energy intake would be evident over a period of several days/weeks, or if physical activity would improve acute age-related energy intake dysregulation over longer periods of time (i.e., beyond a single day). Also, we did not control food intake on the morning of our lunch meals and relied on self-reports to document breakfast intake, as well as energy intake following test meals. However, reported breakfast energy intake was not different between conditions, and we believe that our dietary intake data are reasonably accurate for several reasons. First, daily TEE calculated using RMR multiplied by an activity factor based upon habitual activity level 15 was not significantly different from self-reported habitual energy intake or total daily energy intake on the NP test day (mean difference o164 kJ or B39 kcal). Secondly, our TEE and habitual energy intake data are comparable to that reported for non-obese active and sedentary adults using doubly labeled water. 15, 31 Nonetheless, we acknowledge the limitations of self-reported dietary intake data, and recognize this as a limitation of our investigation. It is also recognized that breakfast energy intake was noticeably lower in the YS subjects on both testing days compared with the group as a whole, although their breakfast energy intake did not differ on the 2 testing days. According to their self-reported habitual dietary intake, only five of the 14 YS subjects were regular breakfast eaters (defined as having consumed more than coffee or a glass of juice on 3 or more days of the 4-day food intake record). This was consistent with the number of participants who consumed breakfast on the testing days. Thus, individuals in this group were studied in their 'usual' energy state. It is possible that energy status could impact our findings; however, we did not find that breakfast meal energy intake on either testing day was correlated with lunch meal energy intake on either testing day, or with energy intake compensation, after accounting for age as non-breakfast eaters were more likely to be in the young age group. Future studies using monitored ad libitum meal conditions over the course of 1 or more days (i.e., those utilizing an inpatient metabolic unit) are necessary to confirm our findings. Finally, the sedentary older subjects in the present study were leaner and, perhaps healthier, than sedentary older adults in the general population. Thus, our ability to detect an impact of habitual physical activity status on the age-related decline acute energy intake compensation may have been compromised. In summary, we found that ability to acutely regulate energy intake is influenced by age, but not by habitual physical activity. However, energy intake regulation over the course of a day is significantly more accurate in physically active compared with sedentary adults, regardless of age. This improved accuracy of short-term energy intake regulation may facilitate longer term body weight regulation among physically active individuals. In older adults, greater energy requirements with habitual physical activity may Age, physical activity and energy intake regulation EL Van Walleghen et al offset an inappropriately high energy intake as a consequence of acute energy intake dysregulation. Future studies are needed to confirm our findings using longer term controlled feeding situations, and to determine the specific mechanisms by which short-term energy intake regulation is improved with physical activity.
